to the left phrenic nerve. 37 This nerve courses over the pericardium and consequently is exposed to cold from saline "slush" used for topical cold cardioplegia.
quivocal paresis of the phrenic nerve was documented in five patients. In an additional 27 patients, the amplitude of the compound diaphragm action potential was reduced Tmpairment in gas exchange is one of the most significant postoperative complications of coronary artery bypass surgery (CAB). The postoperative period represents a time of particular susceptibility to the effects of hypoxemia because of increased myocardial irritability. A number of studies have addressed the etiology of the altered gas exchange, 12 and although the mechanisms have not been clearly elucidated, a recurrent finding has been that of lower lobe atelectasis. Although both lower lobes may be affected, the loss of volume occurs predominantly on the left. The atelectasis has been attributed to decreased clearance of secretions secondary to impaired cough, decreased mobility, gastric distention, intraoperative lung contusion, and lack of postoperative positive end-expiratory pressure. More recently, it has been proposed that the left-sided predominance of the atelectasis may be explained by an intraoperative hypothermic injury to the left phrenic nerve. 37 This nerve courses over the pericardium and consequently is exposed to cold from saline "slush" used for topical cold cardioplegia.
The incidence of cold injury to the phrenic nerve after CAB and the use of cold cardioplegia is unknown.
One study in which phrenic nerve function was assessed six to eight days postoperatively showed a low incidence of conduction abnormalities. 8 pad, designed to protect the phrenic nerve from intrapericardial ice, substantially decreased the incidence of postoperative atelectasis. 67 We prospectively studied 57 patients with CAB to determine the incidence of postoperative right and left lung atelectasis and its relationship to changes in phrenic nerve conduction in the early postoperative period. We also evaluated the contribution of additional operative and postoperative variables to the incidence and severity of postoperative atelectasis.
METHODS
The study group consisted of 57 CAB patients (58 ±13 years, mean±SD; 53 men, four women) who were examined over eight months. Exclusion criteria consisted of the following: (1) another operative procedure in addition to CAB; (2) recent myocardial infarction or unstable ventricular arrhythmia; (3) the presence of a generalized neuropathy; and (4) the presence of a cardiac pacemaker. Postoperatively, patients were not studied until extubation and removal of the Swan Ganz catheter.
After informed consent had been obtained, the phrenic nerves were studied by measuring the latency to the compound diaphragmatic action potential (CDAP) following transcutaneous phrenic nerve stimulation. Both the right and left phrenic nerves were localized in the neck by stimulation at the posterior border of the sternocleidomastoid muscle at the level of the thyroid cartilage. A handheld felt-tipped bipolar stimulating electrode, connected to a stimulating unit, was used. Diaphragmatic response was measured with two surface disc electrodes, one placed over the xiphoid process of the sternum and the other over the seventh intercostal space at the costochondral junction. 9 The position of both electrodes was recorded using the distances from two stable reference points: the suprasternal notch and the xiphoid process. This allowed reapplication of the electrodes in the same location for the postoperative studies. The position of the stimulating electrode was altered and the voltage was increased until a supramaximal stimulation was achieved (60 to 160 volts, 0.2 ms) as demonstrated by a maximal CDAP on the electromyograph (EMG) oscilloscope. A permanent record of a supramaximal stimulation was obtained using an oscilloscope camera for later analysis. The time from application of the stimulus to the onset of diaphragmatic activity was calculated. This represents the latency of conduction of the phrenic nerve. An upper limit of normal for this measurement was selected as 9.75 ras.' As soon as possible postoperatively (day 1 to 3), transcutaneous phrenic nerve stimulation was repeated. Because of the invariable presence of a right-sided internal jugular line, right-sided phrenic nerve stimulation was obtained in only eight subjects. In any patients demonstrating abnormalities of the left phrenic nerve postoperatively followup studies of both phrenic nerves were performed at periodic intervals. In addition, in those patients with prolonged phrenic latencies on follow-up, sniff tests were performed to determine whether a paradoxic upward movement occurred to confirm phrenic paralysis.
Intraoperatively; several variables were recorded for later analysis. These included the number of grafts, the operative and bypass time, whether or not the pleural space was entered and if a right atrial drain and polystyrene shield were used. In addition, the average body temperature, the volume of intravascular cardioplegic solution, and the amount of postoperative positive end-expiratory pressure (PEEP) were measured.
The bronchopulmonary anastomotic flow to the lung during bypass was also measured. The majority of the bronchial artery circulation anastomoses with the pulmonary microvasculature and returns to the left atrium. During bypass, when the aorta is cross clamped, the bronchopulmonary anastomotic flow represents the sole perfusion of the pulmonary parenchyma and is the major source of blood which reaches the left atrium. The bronchopulmonary anastomotic flow can be measured intraoperatively by collecting and measuring the drainage from the left ventricular sump. This is achieved by temporarily occluding the precalibrated tubing leading from the cardiotomy reservoir which drains the left ventricle and timing the accumulation of blood. The bronchopulmonary anastomotic flow was expressed in absolute terms as milliliters per minute and as a percentage of total pump flow 10 A small amount of noncoronary collateral blood flow traverses the pulmonary circulation and will reach the left atrium if a right atrial drain is not used. In addition, the intravascular cardioplegic solution passes through the lung microvasculature if not drained by a right-sided sump. The measurement of bronchopulmonary anastomotic flow was made after drainage of all cardioplegic solution.
The presence and degree of atelectasis was evaluated roentgenographically. Chest x-ray films were routinely obtained preoperatively, on days 1, 2, and 3 postoperatively, and at the time of the patient's discharge. Further roentgenograms were taken at variable intervals throughout the recovery period depending on the clinical course of the patient. The roentgenograms were evaluated by a board-certified radiologist who evaluated them without knowing if they were taken preoperatively or on which day postoperatively Atelectasis was graded using the following rating scale: 0, no atelectasis; 1, plate-like atelectasis; 2, mild lobar collapse; 3, moderate lobar collapse; and 4, complete lower lobar collapse. Separate results were compiled for the left and right lungs. The criteria used to evaluate atelectasis were position of the hemidiaphragm and hilum, and presence and characteristics of an opacity on chest roentgenograms.
Statistical Analysis
Contingency tables and nonparametric methods (Friedman rank sums and multiple comparisons) were used to evaluate the progression of atelectasis for the right and left lungs individually" The scores obtained on separate days for the left and right lung were compared using Wilcoxon signed ranks for pairs (with ties). 11 Individual relationships between the categoric variables and the incidence and degree of atelectasis were evaluated by chi squared and likelihood ratio tests and by nonparametric methods based on ranks (Mann Whitney two sample test)." Discriminant analysis was used to evaluate which combination of categoric and continuous intraoperative variables best classified patients according to atelectasis score. 12 The selection criteria were covariance controlled partial F values using an F to enter value of 1. This was a stepwise analysis whereby the variables with the best discrimination for atelectasis score were sequentially selected. Variables were no longer chosen when their relative importance, determined by the F statistic, was deemed insufficient. The ability to correctly classify patients according to atelectasis score on a given postoperative day could be calculated from a discriminant function derived from the multivariate discriminant analysis. In three patients (patients 1 to 3, Table 1 ) a left-sided diaphragmatic CDAP could not be elicited, and in two the latency of conduction was transiently prolonged (patients 4 and 5, Table 1 Discriminant analysis was used to determine which combination of variables would best predict the degree of postoperative left lower lobe atelectasis (Table 3) .
RESULTS

Fifty
Using a stepwise procedure, the following variables were selected: (1) It has been well established that cold may result in functional and structural abnormalities of peripheral nerves. 1314 A progressive decline in conduction velocity occurs when a nerve is cooled to below 17°C, 15 culminating in a complete blockade below 5°C. 14 Nerve conduction recovers rapidly upon rewarming.
However, pathologic changes may occur at a later period, depending on both the temperature and duration of exposure. These consist of axonal degeneration predominantly affecting larger myelinated fibers, 14 16 and demyelination which is mainly paranodal in distribution. 18 Although it has not been precisely measured, the perineural temperature may reach levels that are deleterious to the phrenic nerve during the application of topical cold cardioplegia. The pericardium is likely to afford limited insulation from the saline "slush" which may reach less than 0°C.
Since the study of Scannell et al, 3 a number of other reports, corroborating the hypothesis of "phrenic frostbite," have been published. 4 As has been observed in other studies addressing this problem, we found the atelectasis to be related to a longer operative and bypass time. 7 We hypothesized 
